Flowering time is important when adapting crop plants to different environments. While high feeding quality of forage grasses is facilitated by repression of flowering, flowering should also be inducible to facilitate grass seed production. Consequently, the identification and characterization of the genes controlling flowering time in forage grasses, including perennial ryegrass (Lolium perenne L.), is of great interest. In this study, three candidate genes for vernalization response genes in perennial ryegrass were identified based on DNA sequence homology to TmVRN1 and TmVRN2 of diploid wheat (Triticum monococcum), and Hd1 of rice (Oryza sativa). High sequence similarity between LpVRN1 and TmVRN1, co-localization of LpVRN1 with a major quantitative trait loci (QTL) for vernalization response in perennial ryegrass, synteny between map-positions of LpVRN1 and TmVRN1, mRNA expression analysis of LpVRN1 alleles during vernalization, and the correspondence between LpVRN1 mRNA expression levels and flowering time leads us to conclude that LpVRN1 is orthologous to TmVRN1 and that its function is conserved between diploid wheat and perennial ryegrass. Of the remaining two candidate genes, a putative Hd1 orthologue, LpCO, co-localized with a second QTL for vernlization response. LpCO has recently been shown to be involved in the photoperiodic regulation of flowering time. While epistasis, at the level of LpVRN1 transcription, was observed between the LpVRN1 and LpCO genomic regions, no differential expression of LpCO transcripts was observed during vernalization. While orthologous genes controlling flowering time can thus be identified, future allele sequencing efforts will reveal if causative polymorphisms are conserved across the grasses.
Introduction
Genetic variation for vernalization-and photoperiod response is necessary when adapting crop plants to different latitudes and cropping seasons. Most temperate grasses, including perennial ryegrass (Lolium perenne L., 2n=2x=14) require a prolonged period of low temperatures, i.e. vernalization, followed by an increase in photoperiod, i.e. longer days to induce flowering (Heide, 1994) . This dual requirement ensures that flowering and seed production is aligned to the favourable conditions of spring and summer. However, in relation to feeding quality of forage grasses, delay or even suppression of flowering is an important breeding goal (Jensen et al., 2004) , conflicting with the breeding goal of maximum seed yield for grass seed production. Consequently, the identification and characterization of genes controlling flowering time in perennial ryegrass is of great interest.
The molecular control of vernalization response has been studied extensively in several plant species and particularly in Arabidopsis thaliana (Amasino, 2004; He and Amasino, 2005; Henderson and Dean, 2004) . Genetic analysis in Arabidopsis has identified FLOWERING LOCUS C (FLC) (Michaels and Amasino, 1999; Sheldon et al., 1999) as a potent repressor of flowering. Vernalization induces flowering by repressing FLC in a process involving histone methylation at the FLC locus (Bastow et al., 2004; Sung and Amasino, 2004) . Screening Arabidopsis mutants not responding to vernalization has revealed three genes involved in this process: VERNALIZATION1 (VRN1; (Levy et al., 2002) ), VERNALIZATION2 (VRN2; (Gendall et al., 2001) ), and VERNALI-ZATION INSENSITIVE3 (VIN3; (Sung and Amasino, 2004) ). VRN1 belongs to a group of plant-specific DNA binding proteins (Levy et al., 2002) whereas VRN2 and VIN3 are related to proteins in chromatin remodelling complexes in animals (Gendall et al., 2001; Sung and Amasino, 2004) . While VRN1 and VRN2 are expressed constitutively (Gendall et al., 2001; Levy et al., 2002) , VIN3 is induced by prolonged cold and seems to be the most upstream gene so far recognized in the vernalization pathway (Sung and Amasino, 2004) . VIN3 expression is necessary for the formation of histone methylation and the formation of mitotically stable heterochromatin at the FLC locus by a process involving VRN1 and VRN2, thereby repressing FLC expression and in turn inducing flowering (Sung and Amasino, 2004) .
In diploid wheat (Triticum monococcum), the main loci controlling vernalization response are Vrn-A m 1 and Vrn-A m 2, both located on the long arm of chromosome 5A m (Dubcovsky et al., 1998; Tranquilli and Dubcovsky, 1999) . Recently, the genes underlying these loci, VRN1 and VRN2 (throughout this manuscript denoted TmVRN1 and TmVRN2), have been cloned and characterized by map-based approaches (Yan et al., 2003 (Yan et al., , 2004a . During vernalization, transcription of TmVRN1 and TmVRN2 is induced or repressed, respectively (Yan et al., 2003 (Yan et al., , 2004a . TmVRN1 encodes a MADS box protein similar to the Arabidopsis meristem identity protein APETALA1 (AP1) (Yan et al., 2003) and TmVRN2 encodes a zink finger protein with a CO, CO-like, and TOC1 (CCT) domain (Yan et al., 2004a) . TmVRN2 shares the CCT domain with CONSTANS (CO), a key protein in the Arabidopsis photoperiodic pathway (Robson et al., 2001) . Thus, TmVRN1 and TmVRN2 are unrelated to the VRN1 and VRN2 genes of Arabidopsis. However, FLC of Arabidopsis and TmVRN2 seem to be 'functional orthologues', i.e., they both repress floral inducer genes and they both are repressed by prolonged periods of low temperature. The function of TmVRN1 resembles the 'floral pathway integrator' genes of Arabidopsis or more downstream genes. This indicates that convergent evolution has resulted in similar functions for different genes between Arabidopsis and wheat. This also indicates that homology-based gene identification might not be straightforward between dicots and monocots. However, in cereals, orthologues of TmVRN1 have been identified in hexaploid bread wheat (Triticum aestivum) (Trevaskis et al., 2003; Murai et al., 2003) and barley (Hordeum vulgare) (Schmitz et al., 2000; Murai et al., 2003) , suggesting that homology-based gene identification is feasible in closer related species, such as within grasses (Danyluk et al., 2003; Trevaskis et al., 2003) .
A model for vernalization response in diploid wheat has been proposed in which TmVRN1 induces flowering and TmVRN2, directly or indirectly, represses flowering by repressing TmVRN1 transcription (Yan et al., 2003 (Yan et al., , 2004b . Following this model, mutations in the TmVRN2 ORF, leading to a non-functional repressor protein, or in the TmVRN1 promoter, leading to a nonfunctional repressor binding site, could eliminate the requirement for vernalization to induce flowering. While deletions in the promoter region of TmVRN1, adjacent to a putative MADS box protein binding site, discriminated winter from spring types of diploid wheat (Yan et al., 2003) , a respective polymorphism was not identified in polyploid wheat (Yan et al., 2004a) . Recently, however, it has been shown, that deletions in the first intron of VRN1 in polyploid wheat and barley are associated with the spring growth habit (Fu et al., 2005) . The identification of polymorphisms within regulatory elements, directly affecting vernalization requirement, allow for the development of functional markers (Andersen and Lu¨bberstedt, 2003) discriminating winter and spring types (Fu et al., 2005; Sherman et al., 2004) .
We have mapped quantitative trait loci (QTL) for vernalization response, measured as days to heading, in a perennial ryegrass (Lolium perenne L.) F 2 mapping population (Jensen et al., 2005a) . The mapping population was derived from two genotypes with divergent requirement for vernalization to induce flowering. Five QTL were identified and mapped to linkage groups (LG) 2, 4, 6, and 7. The major QTL, explaining 28% of the variation for vernalization response, was identified on LG4 and co-localized with a cleaved, amplified polymorphisms (CAPS) marker derived from a putative perennial ryegrass orthologue of TmVRN1 (Jensen et al., 2005a) . In another study, a major QTL for heading date was identified on LG7, while minor QTL were identified on LG2 and LG4 (Armstead et al., 2004) . The LG7 QTL was located in a chromosomal region syntenic to the Heading date 3 (Hd3) heading-date locus in rice (Armstead et al., 2004) , but no validation at the sequence level was reported. However, a CO-like gene (LpCO) has recently been cloned and characterized in perennial ryegrass based on homology to CO of Arabidopsis and Heading date 1 (Hd1) of rice (Martin et al., 2004) and mapped to a genomic region near the heading date QTL on LG7 (Armstead et al., 2005) .
The major goal of this study was to evaluate, whether orthologous genes control vernalization response in wheat and ryegrass, two agriculturally important representatives of the grass family. The objectives of the present study were to (I) identify and develop allele-specific markers for LpVRN2 candidates in perennial ryegrass, (II) map these candidates on the genetic map of perennial ryegrass, (III) study the mRNA expression pattern of LpVRN1 and LpVRN2 candidates in selected genotypes, and (IV) identify sequence motifs within the LpVRN1 promoter sequence possibly affecting expression and/or function of the protein and thus suitable for the development of functional markers discriminating winter and spring alleles. The results were compared with results from wheat in order to evaluate the hypothesis of a common vernalization response pathway in the grasses.
Materials and methods

Identification of LpVRN1 and LpVRN2 candidates and development of CAPS markers
A putative TmVRN1 orthologue, LpVRN1, was previously identified and mapped in perennial ryegrass based on alignment with TmVRN1 and two orthologous genes from barley and rice, respectively (Jensen et al., 2005a) . Primers for amplification of a TmVRN2 orthologue in ryegrass were designed based on alignment of DNA sequences of zink-finger/CCT domain transcription factor (ZCCT) genes of Triticum monococum (accession no. AY485969) and Hordeum vulgare (accession nos. AY485977 and AY485978) (Yan et al., 2004b) and two group IV CO-like genes from rice (Oryza sativa) (OsH: AC079874 and OsI: AP005307) (Griffiths et al., 2003) .
The forward primer vrn2_3f and reverse primer vrn2_2r (Table 1 ) (MWG Biotech AG Ebersberg, Germany) amplified a $200 bp fragment from two genotypes of diploid, perennial ryegrass. These two genotypes were selected from populations of the Italian variety Veyo and the Danish ecotype Falster based on their contrasting primary and secondary induction requirements. In the following, the two individual genotypes will be denoted Veyo and Falster (denoted Veyo-GP and Falster-GP by Jensen et al. (2005a) ). Each PCR reaction (10 ll) contained 0.5 U of Taq polymerase, 1Â PCR buffer, 20 pmol of each primer, 6 nmol dNTPs and 25 ng of total genomic DNA. Thermocycling was performed in an MJ-Research PTC-225 Peltier Thermal Cycler (MJ Research. Inc.), applying the following parameters: 5 min at 94°C followed by 30 cycles of 20 s at 94°C, 20 s at 50°C and 60s at 65°C. A final extension step of 5 min at 65°C was included. PCR fragments were excised from a 1.5% TAE agarose gel, purified using QIAquick Ò Gel Extraction Kit (QIAGEN GmbH, Hilden, Germany), and cloned into the pCR2.1-TOPO cloning vector (Invitrogen BV, Groeningen, The Netherlands) according to the manufacturers instructions. Sequencing reactions were prepared using the DYEnamicÔ ET dye terminator kit and sequenced on the MegaBACEÔ 1000 96 capillary electrophoresis system (Amersham Biosciences, Piscataway NJ, USA) according to the manufacturers instructions.
Using BLAST algorithms (Altschul et al., 1990 ) against a newly developed Lolium perenne EST sequence database (Asp et al., 2005) , an EST sequence (GenBank accession no. DQ202716) with a high degree of homology to the amplified fragment was identified. A second candidate EST sequence (GenBank accession no. DQ202717) was identified based on homology to the CO-like flowering time gene Hd1 of rice (GenBank accession no. AB041838) (Yano et al., 2000) . These candidate sequences are referred to as LpVRN2_2 and LpVRN2_3, respectively. Primers were derived from these EST sequences for LpVRN2_2 and LpVRN2_3 (Table 1) . Forward primer vrn2_2_1f and reverse primer vrn2_2_3r amplified a 405 bp fragment while forward primer vrn2_3_1f and reverse primer vrn2_3_2r amplified a 223 bp fragment from the two genotypes, Veyo and Falster. PCR, cloning, and sequencing were performed as described above.
Comparison of allelic sequences allowed for development of CAPS markers for both LpVRN2 candidates (Figure 1) . A G to A transition (LpVRN2_2) and a T to C transition (LpVRN2_3) facilitated the development of gene-targeted and allele-specific CAPS markers, vrn-2-2 and vrn-2-3, respectively. PCR reactions applying primers vrn2_2_1f + vrn2_2_3r and vrn2_3_1f + vrn2_3_2r were set up as described above for all individuals in the mapping population VrnA (Jensen et al., 2005a) . Subsequently, 2 ll of each PCR reaction were digested with 2.0 U of BsuI (LpVNR2_2) or NdeI (LpVRN2_3) (Fermentas, Vilnius, Lithuania), respectively. Digestion products were separated by electrophoresis in 1.5% TAE agarose gels and bands were visualised with ethidium bromide.
Mapping of LpVRN1 and LpVRN2 candidates
The development and phenotyping of the twoway pseudo-testcross F 2 mapping population of perennial ryegrass (VrnA) has been described previously (Jensen et al., 2005a) . Mapping the CAPS markers (vrn-1, vrn-2-2, and vrn-2-3) was carried out as described in Jensen et al. (2005a) . Mapping of QTL associated with the vernalization response was carried out using interval mapping with the software MAPQTL 4.0 (Van Ooijen et al., 2002) and as described in Jensen et al. (2005a) . Table 1 . Sequences of primers used for amplification of LpVRN2 candidates and primers used for real-time PCR expression analysis of LpVRN1, LpVRN2_2, LpVRN2_3, and Actin (endogenous control).
Primer name Sequence
5¢ GCT AAT GTA ATG TCT AAT AGA GTC TC Actin Actin_467for 5¢ CTG GAA TTG CTG ATC GCA TG Actin_517rev 5¢ TGG TAG GAG CAA GGG CAG TG
Plant materials for expression analysis
Based on their allelic composition at two major QTL, 'LpVRN1' on LG4 and 'LpVRN2' on LG7, 17 individual genotypes from the mapping population were chosen for studying the expression pattern of the candidate genes. The 17 genotypes were grouped in four pools according to the homozygous state of alleles, defined by the CAPS markers, at both loci (Table 2 ). The phenotypic values (days to heading) for the selected genotypes (Table 2) have been reported previously (Jensen et al., 2005a) . Epistasis, at the phenotype level, between the LpVRN1 and LpVRN2 loci were determined by two-factorial analysis of variance (ANOVA). Due to an unequal number of genotypes in each of the four genotype pools, three individual genotypes were picked at random within each pool to allow for the analysis. This was repeated ten times. Individual genotypes were cloned in three pots (5-10 tillers each) from growing plants and left in heated greenhouse (15-20°C, 8 ******************************************... 5' *******************.***.***...
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------ Figure 1 . Candidate genes LpVRN1, LpVRN2_2, and LpVRN2_3 were identified in perennial ryegrass based on deduced amino acid sequence homology to TmVRN1 and TmVRN2 of diploid wheat, and Hd1 of rice, respectively (A). CAPS markers vrn-1, vrn-2-2, and vrn-2-3 were developed for the three candidate genes based on SNP polymorphisms detected between perennial ryegrass genotypes Veyo and Falster (B). For LpVRN1, the CAPS marker vrn-1 was derived from SNP polymorphisms located in the 5¢ region of the ORF. For LpVRN2_2 and LpVRN2_3, CAPS markers, vrn-2-2 and vrn-2-3, were derived from SNP polymorhisms identified in the 3¢ UTR.
RNA was measured on a GeneQuant II fluorometer (Pharmacia Biotech, Piscataway NJ, USA).
First strand cDNA synthesis was performed on a total of 5000 ng pooled RNA, i.e., 1000 ng, 1250 ng, and 1667 ng were used per genotype in the pools consisting of five, four, and three genotypes, respectively ( Table 2 ). The RNA solutions were adjusted to a volume of 10 ll with water and 500 ng of B26 primer (5¢-GAC TCGAGTCGACATCGATTTTTTTTTTTTTTT TT-3¢) (500 ng/ll) (Frohman et al., 1988) was added. The primer/RNA/water mixture was heated to 70°C for 10 min and then chilled on ice. Then, 4 ll of 5Â first strand buffer (Invitrogen GmbH, Karlsruhe, Germany), 1 ll of RNAguardÔ porcine RNase inhibitor (30 U/ll), 2 ll DTT (0.1M), and 1 ll dNTPs (10 mM each dNTP) were added and the mixture was incubated at 37°C for 2 min. Finally, 1 ll (200 U) of the Superscript II reverse transcriptase (Invitrogen GmbH, Karlsruhe, Germany) was added and the mixture, 20 ll total, were incubated at 42°C for 50 min. Following incubation, the mixture was diluted with water to 200 ll of which 1 ll was used per real time PCR reaction.
Real-time PCR expression analysis
Real time PCR reactions were carried out in a total of 10 ll:5 ll SYBR Green master mix (Applied Biosystems, Foster City CA, USA), 300 nM forward primer, 300 nM reverse primer (Table 1) , 1.0 ll cDNA template, and MQ water up to 10 ll. Optimization of primer concentrations, according to manufacturers instructions, showed that 300 nM of both forward and reverse primer were suitable for the LpVRN1 and the two LpVRN2 candidate primer pairs as well as the endogenous Actin control primer pair. Reactions were loaded onto 384-well plates and the real-time PCR reactions were carried out in an ABI7900HT Sequence Detection System (Applied Biosystems, Foster City CA, USA) according to the manufacturers instructions.
Expression level units were calculated by the 2 )DDC T method, which quantifies the amount of target sequence as fold change relative to a calibrator and normalized to an endogenous control (in this case Actin transcripts) (Livak and Schmittgen, 2001) . For individual candidate genes, the expression at different time-points and treatments was calibrated to the expression at time 0 (before plants were transferred to vernalization) of the first replication of pool 1, i.e. the plants that carried the Falster allele at both the LpVRN1 and LpVRN2 loci (Table 2) . For the vernalized samples, two-factorial ANOVA was applied to test for effects of genotype pools and duration of vernalization treatment on mRNA levels of individual candidate genes. A two-factorial ANOVA was also applied to test for epistatic effects, at the transcriptional level, at individual time points between the two loci. Single-factorial ANOVA was applied to test for effects of genotype pools on mRNA levels at individual time points. This was followed by Newman-Keuls tests for multiple comparisons (Ott, 1993) , i.e., testing for all pairwise differences between individual genotype pools per time point. For the non-vernalized controls, biological replications were not included and thus not analysed statistically.
Isolation of promoter sequence of LpVRN1 and development of an allele specific primer Promoter sequence of LpVRN1 was obtained from an in-house bacterial artificial chromosome (BAC) library (Asp et al., 2005 ). An LpVRN1-containing BAC was identified by a set of LpVRN1-specific primers (Jensen et al., 2005a) and sequenced by direct BAC sequencing employing the BigDyeÒ Terminator v3.1 cycle sequencing kit (Applied The genotypes are divided into four classes defined by the combination of homozygous LpVRN1 and LpVRN2 alleles. a AveDH: average number of days to heading. Calculated from averaging growing degree-days to heading (GDD) over the total growth period (including the cold treatment period) finding that 15.6 GDD equates to 1 day. GDD is calculated using the formula GDD = (T max + T min /2) ) T base , where T max is the daily maximum temperature, T min is the daily minimum temperature, and T base is the basal temperature set at 3°C.
Biosystems, Forster City, CA) according to the manufacturers instructions. Allele-specific primers (underlined in Figure 6A ) were developed based on an indel polymorphism in the promoter region. PCR reactions for genotyping were set up as described above.
Results
Identification of LpVRN1 and LpVRN2 candidates and CAPS marker development
Identification and CAPS marker development for a putative Lolium perenne orthologue (LpVRN1) of TmVRN1 has been reported previously (Jensen et al., 2005a) (Figure 1 ). In the search of a ryegrass TmVRN2 orthologue, a 200 bp fragment was amplified from genomic DNA by PCR using primers derived from an alignment of TmVRN2 with barley and rice homologues. BLASTing (Altschul et al., 1990) this sequence against a newly developed Lolium perenne EST sequence database (Asp et al., 2005) , an EST (DQ202716) with a high degree of homology to the amplified fragment was identified. A second candidate EST (DQ202717) was identified based on homology to the CO-like flowering time gene Hd1 of rice (GenBank accession no. AB041838) (Yano et al., 2000) . These candidate sequences are refereed to as LpVRN2_2 and LpVRN2_3, respectively. Comparison of allelic sequences allowed for development of CAPS markers for both candidates, vrn-2-2 and vrn-2-3, respectively (Figure 1) .
Mapping of CAPS markers and identification of vernalization response QTL
Genetic mapping and QTL identification was carried out based on previously published data (Jensen et al., 2005a, b; Lauvergeat et al., 2005) and the new codominant CAPS markers vrn-2-2 and vrn-2-3. The co-location of the CAPS marker vrn-1 and a major QTL (LpVRN1) on LG4 (Jensen et al., 2005a) for vernalization response was confirmed (Figure 2 ). On LG7 a QTL (LpVRN2) explaining 14% of the total phenotypic variation and a likelihood-of-odds (LOD) score of 14.7 was identified, with CAPS markers vrn-2-2 and vrn-2-3 mapping close to-and at the peak of this QTL, respectively (Figure 3 ).
Expression analysis of LpVRN1 and LpVRN2 candidates
Transcript levels of LpVRN1 and LpVRN2 candidates were studied by real time PCR in four pools of genotypes. These genotypes were selected based on their allelic composition, defined by the CAPS markers, at the LpVRN1 and LpVRN2 loci (Table 2) . Transcript levels of LpVRN1 and the two LpVRN2 candidates were studied before and during vernalization and compared to non-vernalized plants.
The transcription of both alleles of the LpVRN1 candidate is induced during vernalization (Figure 4) . A two-factorial ANOVA indicated significant effects of genotype pools as well as weeks of vernalization on mRNA expression levels (data not shown). As indicated by Figure 4 and verified by single-factorial ANOVA of mean transcript levels (Table 3) there is a significant difference in LpVRN1 transcript levels between genotype pools at 1, 2, 4, and 6 weeks of vernalization. Transcript levels of LpVRN1 (Figure 4) indicate that transcription is induced to greater levels in plants carrying the Veyo allele (genotype pools 2 and 4) as compared to plants carrying the Falster allele (genotype pools 1 and 3) at the LpVRN1 locus. A Newman-Keuls test supported that LpVRN1 transcript levels were significantly increased in genotype pool 4 (Veyo allele at both loci) as compared to the other genotype pools after 1, 2, 4, and 6 weeks of vernalization (Table 4) . Likewise, at 4 weeks of vernalization, transcript levels in genotype pool 2 are significantly increased as compared to genotype pools 1 and 3. This indicates that the allelic composition at both loci influences the transcription levels on LpVRN1. To test for epistasis, mean LpVRN1 transcript levels of the four genotype pools were analyzed by two-factorial ANOVA. This confirmed epistasis at 1, 2, 4, and 6 weeks of vernalization between the two loci (Table 3) , i.e. the allelic state at the LpVRN2 epistatically affects LpVRN1 transcription levels. Testing for epistasis at the phenotype level (days to heading) showed a significant interaction (P<0.05) between the two loci in two out of ten repeats of ANOVA. In the non-vernalized controls, transcription of LpVRN1 is completely repressed throughout the 8 weeks in plants carrying the Falster allele at both loci (genotype pool 1; Figure 5 ). In addition, an allelic shift at the LpVRN2 locus in non-vernalized plants seems to have a greater effect on LpVRN1 transcription than does an allelic shift at the LpVRN1 locus itself ( Figure 5 ).
Neither genotype pool nor weeks of vernalization were found to have a significant effect on LpVRN2_2 and LpVRN2_3 transcription rates.
Sequence analysis of the LpVRN1 promoter
The LpVRN1 promoter sequence was obtained from a BAC library prepared from one of the F 1 parents of the mapping population VrnA (Asp et al., 2005) . Aligning the promoter sequence of the two genotypes Veyo and Falster revealed a 325 bp insertion/deletion (indel) polymorphism adjacent to a MADS box binding domain and located approximately from 775 to 1100 bp up- . LOD profile of LG7 in perennial ryegrass. CAPS markers vrn2_2 and vrn2_3, derived from perennial ryegrass homologues of TmVRN1 (diploid wheat) and HD1 (rice) is mapping adjacent to, and at the peak of, a QTL for vernalization response, respectively.
stream from the ORF ( Figure 6A ). In the 'deletion-allele', one of two homeodomain proteinbinding sites located in this region is disrupted ( Figure 6A ). Homeodomain proteins are known as regulators of developmental processes in other organisms (Nepveu, 2001) . A dominant PCR based marker assay was developed for discriminating the two alleles. Genotyping Veyo and Falster together with two F 1 plants resulting from a cross between these two genotypes revealed that Falster is homozygous for the deletion allele while Veyo is heterozygous ( Figure 6B ).
Discussion
LpVRN1 is an orthologue of TmVRN1
A cDNA sequence (LpVRN1) of perennial ryegrass (GenBank accession no. AY198326; (Petersen et al., 2004) ) very similar to TmVRN1 has previously been identified and mapped to a major QTL for vernalization response on LG4 (Jensen et al., 2005a) . The co-localization of the QTL with LpVRN1 has been confirmed after adding more markers to the genetic map of perennial ryegrass (Figure 2 ). TmVRN1 maps to the long arm of chromosome 5A in diploid wheat (Dubcovsky et al., 1998) and by comparative mapping it has been shown that regions of wheat chromosome 5 are syntenic to perennial ryegrass LG4 (Alm et al., 2003) . The transcription of LpVRN1 is induced during vernalization (Figure 4) . Similar expression patterns have been observed in diploid- (Yan et al., 2003) and hexaploid (Murai et al., 2003) wheat. Plants carrying the Veyo allele at both the LpVRN1 and the LpVRN2 locus (genotype pool 4) showed a significant increase in LpVRN1 mRNA expression as compared to all other allelic combinations at 1, 2, 4, and 6 weeks of vernalization (Table 4) . Furthermore, plants in genotype pool 4 are the earliest flowering (Table 2) were kept at low levels, especially for genotype pool 1 plants ( Figure 5 ). However, for genotype pool 4, it seems that vernalization is not required in order to induce transcription of LpVRN1 ( Figure 5 ). This is comparable to observations made in spring-type accessions of diploid wheat, in which TmVRN1 transcription is induced without vernalization (Yan et al., 2003) .
The high similarity between LpVRN1 and TmVRN1 (Figure 1 and Jensen et al., 2005a) , the co-localization of LpVRN1 with a major QTL for vernalization response in perennial ryegrass (Figure 2 and (Jensen et al., 2005a) , synteny between map-positions of LpVRN1 and TmVRN1, the expression levels of LpVRN1 alleles during vernalization (Figure 4) , and the correspondence between LpVRN1 expression levels and flowering time ( Figure 4 and Table 2 ), leads us to suggest that LpVRN1 is an orthologue of TmVRN1 and that the function of the gene is conserved between wheat and ryegrass. The fact that variation in mRNA transcript levels seem to correspond to variation in flowering time also suggests that this, rather than functionality of the LpVRN1 protein, controls the vernalization response in perennial ryegrass. LpVRN2_3 (identical to LpCO) is an orthologue of rice Hd1
Both LpVRN2 candidates mapped in close proximity to the QTL for vernalization response on LG7 (Figure 3 ). The deduced amino acid sequence of LpVRN2_2 is similar to TmVRN2 of diploid wheat (Figure 1 ), while the deduced amino acid sequence of LpVRN2_3 is similar to Hd1 of rice ( Figure 1 ). Both TmVRN2 and Hd1 are CO-like genes which have been shown to repress flowering in diploid wheat and rice, respectively (Yano et al., 2000; Hayama et al., 2003; Yan et al., 2004b) . LpVRN2_3 is identical to the recently cloned and characterized LpCO, a CO-like, putative Hd1-orthologue, in perennial ryegrass (Armstead et al., 2005; Martin et al., 2004) . Thus, LpVRN2_3 is referred to as LpCO throughout the remaining text. Transcription of LpCO has been shown to exhibit diurnal oscillations and increase during long-as compared to short days (Martin et al., 2004) and LpCO has been mapped to a major QTL for heading date on chromosome 7 (Armstead et al., 2005) . In diploid wheat, TmVRN2 is located on the long arm of chromosome 5, in a region translocated from the long arm of chromosome 4, and TmVRN2 transcription levels are downregulated throughout vernalization (Yan et al., 2004b) . Regions of the long arm of chromosome 4 in diploid wheat is syntenic to chromosome 4 of perennial ryegrass (Alm et al., 2003) . Our two LpVRN2 candidates were both located on chromosome 7 (Figure 3 ) and neither gene was downregulated during vernalization. Thus, despite of sequence homology, neither of the two LpVRN2 candidate sequences seems to be the orthologue of TmVRN2. However, the proposed role of LpCO in the secondary (i.e. photoperiodic) induction of flowering (Martin et al., 2004) could facilitate its detection as a QTL in the present study. However, varying results of QTL mapping on chromosome 7 (Armstead et al., 2005; Jensen et al., 2005a) as well as the close proximity of our two LpVRN2 candidates might suggest a cluster of COlike genes in this region, one of which could exhibit an expression pattern similar to that of TmVRN2.
Epistatic interactions between the LpVRN1 and LpVRN2 loci as measured by LpVRN1 transcript levels While LpVRN1 is differentially transcribed during vernalization, LpCO is not. However, the allelic state at the LpVRN2 locus has an epistatic effect on LpVRN1 transcript levels (Figures 4 and 5 , Tables 3 and 4). A significant difference in LpVRN1 transcript levels is observed comparing genotype pools 2 and 4 at 1, 2, 4, and 6 weeks of vernalization. While plants in genotype pools 2 and 4 both carry the Veyo allele at the LpVRN1 locus, they carry the Falster and Veyo allele, respectively, at the LpVRN2 locus. Thus, the Veyo allele, relative to the Falster allele, at the LpVRN2 In hexaploid wheat, transcription of VRN1 has been reported to be regulated by photoperiod (Danyluk et al., 2003) , suggesting that a gene involved in photoperiod response affects VRN1 transcription. If a similar interaction is conserved in perennial ryegrass, LpCO could be a candidate gene underlying the transcriptional regulation of LpVRN1. However, while a MADS box binding motif was identified in the LpVRN1 promoter region, ZCCT-transcription factors binding motifs were not ( Figure 6A ). This is similar to what is reported for TmVRN1 suggesting the possible regulation of LpVRN1 transcription by another MADS box gene(s). Thus, a MADS box gene located in the LpVRN2 region rather than LpCO might be causative for transcriptional regulation of LpVRN1. The fact that LpVRN1 seems to be regulated by both vernalization and the allelic state of a gene regulated by photoperiod suggests that LpVRN1 acts as a floral pathway integrator of different environmental cues. However, vernalization genes upstream of VRN1, like VIN3 involved in histone methylation in Arabidopsis (Sung and Amasino, 2004) , have not yet been identified in grasses.
A general vernalization response in the grasses?
Our results support the hypothesis of a general vernalization response in the grasses. The major gene responsible for the vernalization response in perennial ryegrass, LpVRN1, seems to be conserved between perennial ryegrass and wheat. While we were not able to confirm the presence of an orthologue of TmVRN2 in perennial ryegrass, we identified LpCO, orthologous to Hd1 in rice, as a candidate gene underlying a second major QTL for vernalization response. These findings support the hypothesis of a monophyletic origin of major vernalization response genes in the grasses. In consequence, the 'candidate gene approach', based on genomic synteny and sequence homology, might facilitate identification of agronomical important genes in less described species.
However, it seems that Hd1 in rice and LpCO have evolved opposite functions, either repressing or promoting flowering, respectively (Yano et al., 2000; Hayama et al., 2003; Martin et al., 2004) . In addition, the indel polymorphism identified in the LpVRN1 promoter region (Figure 6A ) does not correspond with findings in wheat, were promoter deletions in VRN1 have been shown to be associated with a spring type (vernalization-independent) growth habit (Yan et al., 2003) . This indicates different regulatory proteins involved in VRN1 transcription of wheat and perennial ryegrass. It could be speculated that the indel, disrupting a homeodomain protein binding site in the promoter region of the deletion allele ( Figure 6A ), disables the binding of a transcriptional activator, thus repressing flowering. In consequence, transcriptional regulation of LpVRN1 would be controlled by a transcriptional activator rather than a repressor. Alternatively, it could be speculated that the causative polymorphism(s) for growth habit is not (or not only) located in the promoter region of VRN1. This hypothesis is supported by recent results in barley and wheat, suggesting that deletions in the first intron rather than in the promoter of VRN1 are causative for a shift in vernalization requirement (Fu et al., 2005) . Further studies will reveal if similar polymorphisms are present in perennial ryegrass. Consequently, while orthologous genes with similar functions on vernalization response/flowering time can be identified within the grasses, the systematic development of functional markers might require comprehensive allele-sequencing in individual species.
